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In starfish oocytes, maturation is induced by a hormone, 1-methyladenine (1-MA), that binds to the receptors exposed to the
outer surface of the plasma membrane. The signal of 1-MA stimulates the heterotrimeric G protein, resulting in dissociation
of the bg subunit of G protein (Gbg) from a pertussis toxin-sensitive Gi-type a subunit. To investigate the targets for Gbg,
we analyzed 1-MA- or Gbg-dependent phosphorylation using in vivo and in vitro systems. A 62-kDa protein was
phosphorylated immediately after 1-MA treatment in intact oocytes. In the cell-free preparations, the 62-kDa protein was
also phosphorylated on serine residue(s) immediately after addition of 1-MA or Gbg. The Gbg-dependent phosphorylation
f the 62-kDa protein was inhibited by wortmannin or LY294002, which are mechanistically different inhibitors of
hosphatidylinositol 3-kinase (PI3K). LY294002 also inhibited Gbg- as well as 1-MA-induced maturation of oocytes. Taken
together, these results indicate that the 62-kDa protein functions downstream of Gbg and PI3K in the early signaling
athway of 1-MA-induced starfish oocyte maturation. The phosphorylation of the 62-kDa protein may be required for the
ctivation of maturation-promoting factor. © 1999 Academic Press
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Fully grown, immature starfish oocytes are arrested at the
G2/M-phase border of meiosis I. In response to a polypep-
tide hormone from the radial nerve, the follicle cells
surrounding immature oocytes release a hormone,
1-methyladenine (1-MA), which induces meiosis reinitia-
tion and germinal vesicle breakdown (GVBD) (Kanatani et
l., 1969). Although the receptor for 1-MA has not yet been
dentified, the receptor is known to be located at the cell
urface (Kanatani and Hiramoto, 1970; Tadenuma et al.,
991, 1992; Yoshikuni et al., 1988) and couples with het-
rotrimeric G protein composed of a pertussis toxin-
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200ensitive Gi-type a subunit (Gai) and a bg subunit (Gbg)
(Chiba et al., 1992; Shilling et al., 1989; Tadenuma et al.,
1991, 1992). The Gbg transduces the signal of 1-MA, since
injection of Gbg into immature oocytes causes the activa-
tion of maturation-promoting factor (MPF) and the induc-
tion of GVBD (Chiba et al., 1993; Jaffe et al., 1993).
In mammalian cells, Gbg activates directly some mem-
ers of the phosphatidylinositol 3-kinase (PI3K) family
Kurosu et al., 1995, 1997; Leopoldt et al., 1998; Okada et
al., 1996; Stephens et al., 1994, 1997; Stoyanov et al., 1995;
homason et al., 1994). PI3K phosphorylates inositides at
he D-3 position of the inositol ring to generate such lipid
essengers as phosphatidylinositol 3,4-bisphosphate and
hosphatidylinositol 3,4,5-triphosphate. Recently, Sadler
nd Ruderman (1998) reported that 1-MA-induced oocyte
aturation in starfish Asterina miniata is blocked by the
0012-1606/99 $30.00
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201Gbg-Dependent Phosphorylation in Starfish OocytesPI3K inhibitors wortmannin and LY294002. Thus, PI3K
acts downstream of the 1-MA receptor. They suggested that
Gbg dissociated from Gai by the stimulation of 1-MA binds
nd activates the PI3K. The effector of PI3K in starfish
ocyte is currently unknown.
In this work, we show that the PI3K inhibitor blocked
bg-induced oocyte maturation in starfish Asterina pec-
inifera. These results support the hypothesis that PI3K is
he direct target of the Gbg. Also, we detected that the
erine residue of the 62-kDa protein in oocytes was phos-
horylated in response to the stimulation of 1-MA or Gbg.
Since the phosphorylation was blocked by PI3K inhibitors,
the serine kinase and its substrate, the 62-kDa protein, are
downstream signaling molecules of PI3K and may be re-
quired for MPF activation.
MATERIALS AND METHODS
Animals and Oocytes
Starfish A. pectinifera were collected on the Pacific coast of
Honshu Island and kept in laboratory aquaria supplied with circu-
lating seawater at 15°C. Removed ovaries were incubated in
ice-cold calcium-free seawater. To remove follicle cells, released
oocytes were washed twice in ice-cold calcium-free seawater and
stored in artificial seawater at 20°C. To remove jelly and vitelline
envelopes, oocytes were treated with artificial seawater containing
0.1 mg/ml Pronase (Kaken Seiyaku, Tokyo, Japan) for 10 min at
20°C followed by several washes with cold calcium-free seawater.
Then they were stored in artificial seawater at 20°C.
Materials
Protein kinase inhibitors wortmannin (Nacalai Tesque, Kyoto,
Japan), staurosporine (Wako Pure Chemical, Osaka, Japan), butyro-
lactone I (Funakoshi, Tokyo, Japan), and LY294002 (Sigma Chemi-
cal Co., St. Louis, MO) dissolved in dimethyl sulfoxide (DMSO)
were stored at 220°C and thawed immediately prior to use.
[g-32P]ATP was purchased from Amersham Pharmacia Biotech
(Buckinghamshire, UK). Cellulose thin-layer chromatography
plates (100-mm thickness) were purchased from E. Merck (Darm-
stadt, Germany). Polyvinylidene difluoride (PVDF) membranes
were purchased from Millipore (Bedford, MA).
G-protein bg subunits were purified from bovine brain as previ-
ously described (Kontani et al., 1992) and were stored in 0.6%
sodium cholate, 100 mM NaCl, 20 mM Tris–HCl, pH 8.0. Recom-
binant GDP-bound G-protein a subunit was expressed as previ-
ously described (Nishina et al., 1995) and was stored at 8.7 mM in
1 mM dithiothreitol, 100 mM potassium phosphate buffer, 20 mM
Tris–HCl, pH 8.0. In some experiments, Gbg subunits were pre-
mixed (at 20°C for 1 h) with GDP-bound Ga subunit prior to use.
ll other reagents were purchased from Wako Pure Chemical.
Preparation of the Oocyte Homogenate and
SupernatantOocyte homogenate and supernatant were made as previously
described (Chiba et al., 1999). Briefly, oocytes (1 ml) were washed
Copyright © 1999 by Academic Press. All righttwice in 10 ml of ice-cold buffer P (150 mM glycine, 100 mM
EGTA, 200 mM Hepes buffer, pH 7.0). Oocytes were spun at 1400g
for 10 s, with as much solution as possible carefully removed.
Packed oocytes were transferred to a net of 60-mm mesh in the neck
of the microtube and pressed onto the net with the cap of the tube.
When the tube was centrifuged at 1400g for 3 s, oocytes were
homogenized by passage through the net. The homogenate was
kept on ice. For the oocyte supernatant, oocytes (1 ml) were washed
twice in 10 ml of ice-cold buffer P. After the oocytes sedimented by
gravity, as much buffer P was removed as possible. Then the
oocytes were homogenized by passage through the net. The homog-
enate was centrifuged at 20,000g for 15 min. The supernatant was
transferred to a microtube and stored on ice.
Microinjection of [g-32P]ATP and Gbg
Rapid microinjection of [g-32P]ATP was performed according to
Hiramoto (1974), Kishimoto (1986), and Chiba et al. (1992). Briefly,
oocytes were held between two pieces of coverslip separated by a
double layer of Scotch tape during microinjection. Microinjections
were made using a constricting pipet filled with [g-32P]ATP solu-
tion (370 kBq/ml). The injection volume was 10 to 30 pl per oocyte.
The oocytes were then incubated with or without 1-MA, for 4 min
at 20°C. Then the oocytes were added to 13 SDS sample buffer,
heated to 95–100°C for 5 min, and subjected to gel electrophoresis.
Microinjection of Gbg was performed as previously described
(Chiba et al., 1993).
In Vitro Phosphorylation
Immature oocyte homogenates or supernatants were incubated
at 20°C prior to use. The reaction was initiated by addition of
[g-32P]ATP and Gbg to final concentrations of 37 kBq/ml and 0.59
mM, respectively. After a 10-min incubation at 20°C, 30 vol of 13
DS sample buffer was added, then the samples were heated to
5–100°C for 5 min and subjected to gel electrophoresis.
Gel Electrophoresis and Autoradiography
For SDS–polyacrylamide gel electrophoresis (SDS–PAGE), 7.5 or
10% gels were used with the discontinuous buffer system of
Laemmli (1970). Molecular weight markers were purchased from
Novagen (Madison, WI). Gels were stained with Coomassie Bril-
liant Blue R-250, dried under vacuum, and processed for autora-
diography using a BAS imaging plate (Fuji Photo Film Co., Ltd.,
Tokyo, Japan). Densitometric analysis of autoradiograms was per-
formed with an FLA-2000 imaging analyzer (Fuji Photo Film).
Phosphoamino Acid Analysis by Thin-Layer
Electrophoresis
Phosphoamino acid analysis was performed according to Boyle et
l. (1991). Briefly, aliquots of immature oocyte supernatant incu-
ated with [g-32P]ATP and Gbg were separated by SDS–PAGE
(Laemmli, 1970), transferred electrophoretically to PVDF mem-
branes (Towbin et al., 1979), and autoradiographed. The bands of
interest were excised and the phosphoprotein was hydrolyzed with
6 M HCl for 60 min at 110°C. The hydrolysate was dried by
centrifugation under vacuum. Then the sample was dissolved in
2.2% formic acid and 7.8% acetic acid and mixed with equal
s of reproduction in any form reserved.
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202 Nakano et al.amounts of phosphotyrosine, phosphoserine, and phosphothreo-
nine. The mixture was spotted onto cellulose thin-layer chroma-
tography plates. Two-dimensional electrophoresis was performed
in a pH 1.9 buffer (2.2% formic acid, 7.8% acetic acid, at 450 V for
20 min) in the first dimension and then in a pH 3.5 buffer (1%
acetic acid, 0.1% pyridine, at 300 V for 35 min) in the second
dimension. The chromatography plate was then air dried, and
standards of phosphoamino acids were revealed by ninhydrin
reaction and were used to identify the 32P-labeled residues on
autoradiograms after exposing the chromatography plate to the
imaging plate for 24 h.
RESULTS
Inhibitors of PI3K Blocked Activation of 1-MA-
and Gbg-Induced GVBD
Wortmannin and LY294002 are specific and mechanisti-
cally different inhibitors of PI3K (Arcaro and Wymann,
1993; Okada et al., 1994; Vlahos et al. 1994; Yano et al.
1993). Sadler and Ruderman (1998) found that these PI3K
inhibitors block 1-MA-induced GVBD of starfish A. mini-
ata. We reproduced their experiments using A. pectinifera
and obtained almost the same results, as shown in Figs. 1A
and 1B. The timing of GVBD in the oocytes pretreated with
1-MA and LY294002 was slightly accelerated when
LY294002 was washed out and the oocytes were restimu-
lated with 1-MA (Fig. 1B).
Since Gbg transduces the signal of 1-MA, we determined
whether LY294002 treatment blocked GVBD induced by
Gbg. When the oocytes that had been pretreated with
Y294002 were microinjected with Gbg, GVBD was com-
pletely inhibited (Fig. 1C). These results indicate that PI3K
transduces the signal of Gbg. Also, when LY294002 was
ashed out, some oocytes (60%) reinitiated meiosis even in
he absence of 1-MA, suggesting that preinjected Gbg in the
oocytes was still effective after treatment with LY294002.
Although 40% of the oocytes did not reinitiate meiosis,
acceleration of the timing of GVBD was observed when
1-MA was added to them.
Analysis of 32P Incorporation into Proteins of
ntact Oocytes after Hormonal Stimulation
To investigate targets for PI3K, we examined endogenous
protein phosphorylation. Starfish oocytes were microin-
jected with [g-32P]ATP and incubated for 4 min with or
without 1-MA. These oocytes were then analyzed by SDS–
PAGE and autoradiography. As shown in Fig. 2A, numerous
radioactive bands were detected in both lanes. The most
striking feature of the observed pattern was the significant
enhancement of phosphorylation of the 62-kDa protein
from 1-MA-treated oocytes (Figs. 2A and 2B). Thus, 1-MA
stimulated phosphorylation of the 62-kDa protein in vivo.
The stimulation of the phosphorylation was a very early
event in the 1-MA signaling pathway, since GVBD occurred
25 min after addition of 1-MA (data not shown), while
Copyright © 1999 by Academic Press. All righthosphorylation of the 62-kDa protein started within the
rst 4 min of 1-MA stimulation.
In Vitro Phosphorylation of 62-kDa Protein Was
Induced by 1-MA and Gbg
Recently, we developed a cell-free system for GVBD in
starfish, which employs isolated GV from immature oo-
cytes and a cell homogenate from maturing oocytes (Chiba
et al., 1999). Since this system faithfully mimicked those
seen in vivo, phosphorylation of the 62-kDa protein in vitro
was expected to occur in the homogenate. Indeed, when
[g-32P]ATP and 1-MA were added to a homogenate made
from immature oocytes, the 62-kDa protein was phosphor-
ylated, while it was not detected in the immature oocyte
homogenate without 1-MA (Figs. 3A and 3B). These results
indicate that the signaling pathway linking the 1-MA
receptor to the 62-kDa protein phosphorylation was stably
preserved in the immature oocyte homogenate. We also
tested whether Gbg stimulated the 62-kDa protein phos-
horylation in the immature oocyte homogenate. As ex-
ected, the phosphorylation of the 62-kDa protein was
etected (Figs. 3A and 3B). Similarly, the phosphorylation
ccurred when the immature oocyte supernatant was incu-
ated with Gbg and [g-32P]ATP (Fig. 3C).
Although the phosphorylation of the 62-kDa protein in
ivo could be reproduced in vitro using our cell-free system,
either MPF nor MAP kinase activation in the immature
ocyte homogenate was detected by the addition of 1-MA or
bg to the homogenate even after a 2-h incubation (data
ot shown). Thus, our cell-free system is likely to be
imited to early processes of the signaling pathway from the
-MA receptor.
Dose Response and Time Course of 62-kDa Protein
Phosphorylation under the Effect of Gbg
To determine the dose–response relationship for Gbg-
nduced phosphorylation of the 62-kDa protein, immature
ocyte homogenates were stimulated with varying concen-
rations of Gbg. As shown in Fig. 4A, a Gbg concentration
f $0.2 mM caused phosphorylation of the 62-kDa protein,
which is in a concentration range similar to that seen in
vivo, since 0.24–0.47 mM Gbg needs to be injected to
induce 100% GVBD (Chiba et al., 1993; Jaffe et al., 1993).
hus, the effective concentration of Gbg to induce phos-
phorylation is similar to that to induce GVBD, suggesting a
close connection between these events. No phosphoryla-
tion of the 62-kDa protein occurred when incubations were
performed with the Gbg that had been heated for 5 min at
5–100°C (Fig. 4A).
Phosphorylation reactions were incubated for various
imes in order to determine the linearity of the enzymatic
ctivity. The 62-kDa protein phosphorylation by Gbg ap-peared linear over 15 min (Fig. 4B). Also, the phosphoryla-
tion was detected immediately after the addition of Gbg to
s of reproduction in any form reserved.
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this is an early reaction mediated by Gbg.
Phosphorylation Was Inhibited by Ga
Because Gbg stimulated the phosphorylation of the 62-
kDa protein, we tested whether this phosphorylation would
be inhibited by Ga. We used recombinant Gai in the
DP-bound form, which is expected to bind and inactivate
ree Gbg in the immature oocyte supernatant. Indeed, as
FIG. 1. PI3K Inhibitors blocked activation of 1-MA- and Gbg-ind
DMSO (1%; control) or wortmannin at the indicated concentration
VBD was inhibited by wortmannin. Each symbol represents resul
0 min with 1% DMSO as a control (open circles) or with 100 mM L
and scored for GVBD. GVBD was inhibited by LY294002. To confi
were rinsed 10 times with seawater at 60 min after 1-MA stimulatio
induced. As a control, oocytes which had been treated at 230 min
with 1-MA at 100 min (open diamonds). Each symbol represents re
VBD in oocytes. Oocytes were preincubated for 30 min with 100 m
then injected with 59 mM Gbg. Injection volume of Gbg was 0.6
VBD was inhibited by LY294002. Ninety-four minutes after Gbg i
These oocytes were stimulated with 1-MA at 256 min. Each symbshown in Fig. 5, the Gbg preincubated with Ga reduced the
phosphorylation activity of the 62-kDa protein. This result
Copyright © 1999 by Academic Press. All rightindicates that the phosphorylation of the 62-kDa protein is
specific to a Gbg-dependent activation of a protein kinase.
Serine Residue of 62-kDa Protein Was
Phosphorylated
In order to identify the phosphorylated amino acid resi-
due(s) present in the 62-kDa protein, the phosphorylated
protein was subjected to acid hydrolysis followed by two-
dimensional electrophoresis on cellulose plates. Only
32
GVBD. (A) Immature oocytes were preincubated for 20 min with
hey were then stimulated with 1 mM 1-MA and scored for GVBD.
th 50 or more oocytes. (B) Immature oocytes were preincubated for
002 (filled triangles). They were then stimulated with 1 mM 1-MA
at LY294002-treated oocytes were able to reinitiate meiosis, they
d restimulated with 1-MA at 100 min (filled triangles). GVBD was
DMSO, but had not received 1-MA at 0 min, were also stimulated
with 50 or more oocytes. (C) Effect of LY294002 on Gbg-induced
Y294002 (open triangles) or left untreated (open circles). They were
olume of the oocyte (final concentration 0.39 mM). Gbg-induced
ion, LY294002-treated oocytes were rinsed 10 times with seawater.
presents results with 15 oocytes.uced
s. T
ts wi
Y294
rm th
n, an
with
sults
M L
7% v
nject[ P]phosphoserine was detected (Fig. 6). Thus, the 62-kDa
protein was phosphorylated by a serine kinase.
s of reproduction in any form reserved.
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204 Nakano et al.Kinase Inhibitors
If the PI3K is an essential component of the pathway
linking the Gbg to the serine kinase activation, inhibitors
of PI3K should block the phosphorylation of the 62-kDa
protein. To answer this question, we added Gbg to the
mmature oocyte supernatant preincubated with wortman-
in or LY294002. Figures 7A and 7B clearly show that these
ipid kinase inhibitors blocked the phosphorylation of the
2-kDa protein.
In order to further characterize the phosphorylation of the
2-kDa protein, we also examined the effects of protein
inase inhibitors (Fig. 7A). Butyrolactone I, which is known
o be a selective and potent inhibitor of cdc2 kinase (Kita-
awa et al., 1993), was not effective. Thus, cdc2 kinase was
ot involved in the phosphorylation of the 62-kDa protein.
taurosporine, a less-selective, potent protein kinase inhib-
tor (Meijer, 1995), inhibited the 62-kDa protein phosphor-
lation.
Figure 7B shows that 50 mM wortmannin inhibited the
FIG. 2. Analysis of 32P incorporation into proteins of intact oocy
microinjected into 30 oocytes within 15 min. After microinjection,
oocyte proteins were separated by SDS–PAGE, stained by Coomassi
(32P; right). The migrations and molecular weights (31023) of marke
as evaluated by using densitometric analysis of the autoradiograph
I, the 21-MA profile is superimposed on the 11-MA profile. T
indicated on the bottom.2-kDa protein phosphorylation completely, while full in-
ibition of GVBD was induced by 50 mM wortmannin (Fig.
Copyright © 1999 by Academic Press. All right1A), indicating that the concentration range for inhibition
is very similar. Thus these results strongly suggest that the
62-kDa protein is one of the molecules linking PI3K to MPF
activation or GVBD.
DISCUSSION
In this study, we demonstrate that the phosphorylation of
the 62-kDa protein functions downstream of Gbg and PI3K
in the early signaling pathway of 1-MA-induced starfish
oocyte maturation. This conclusion is based on the findings
that the phosphorylation of the 62-kDa protein was induced
by 1-MA and Gbg and that the Gbg-induced phosphoryla-
ion was blocked by the PI3K inhibitor. Also, the phosphor-
lation was detected within 2–4 min after addition of 1-MA
r Gbg both in vivo and in vitro, while GVBD in vivo is
usually induced 25–35 min after 1-MA addition. Thus, the
phosphorylation of the 62-kDa protein should occur imme-
diately after the activation of PI3K.
fter hormonal stimulation. For each experiment, [g-32P]ATP was
tes were incubated for 4 min with or without 4 mM 1-MA. (A) The
lliant blue (CBB; left), and autoradiographed with the imaging plate
eins are indicated on the right. (B) The phosphorylation of proteins
. 11-MA, incubated with 1-MA. 21-MA, incubated without 1-MA.
igrations and molecular weights (31023) of marker proteins aretes a
oocy
e bri
r prot
in AAs suggested by Sadler and Ruderman (1998), the
starfish PI3K is likely to be activated by Gbg directly,
s of reproduction in any form reserved.
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nd (C) immature oocyte supernatant were performed for 10 min in the presence of 37 kBq/ml [g-32P]ATP with or without 1 mM 1-MA or
.59 mM Gbg. The immature oocyte homogenates and immature oocyte supernatants were subjected to SDS–PAGE of 7.5 or 10%, stained
with Coomassie brilliant blue (CBB; left), and autoradiographed (32P; right). The migrations and molecular weights (31023) of marker
roteins are indicated on the right. (B) The phosphorylation of oocytes was evaluated by using densitometric analysis of the autoradiograph
n A. The migrations and molecular weights (31023) of marker proteins are indicated on the bottom.
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such as the protein phosphorylation or GVBD, and some
isoforms of mammalian PI3K are activated by direct
interaction with Gbg (Kurosu et al., 1995, 1997; Leopoldt
t al., 1998; Okada et al., 1996; Stephens et al., 1994,
997; Stoyanov et al., 1995; Thomason et al., 1994).
ytoplasmic distribution of the subsequent effector for
bg (Chiba et al., 1993) supports the above hypothesis,
FIG. 4. (A) Dose response of 62-kDa protein phosphorylation. Imm
nd Gbg at the indicated concentrations for 10 min. Then the hom
imaging plate. Specific radioactivity of the 62-kDa protein was mea
riangles) was little effective. (B) Time course of 62-kDa protein ph
Bq/ml [g-32P]ATP and 0.59 mM Gbg for the indicated periods. The
with the imaging plate. The specific radioactivity of the 62-kDa p
FIG. 5. Inhibition of Gbg-induced phosphorylation of the 62-kDa
rotein with GDP-bound Ga. Gbg (6 mM) was preincubated for 1 h
with (cross-hatched column) or without (hatched column) an equal
volume of 8.7 mM Ga at 20°C. Then these mixtures were added to
mmature oocyte supernatants at a final concentration of 0.45 mM
(Ga, 0.67 mM). The specific radioactivity of the 62-kDa protein was
measured using the FLA-2000 imaging analyzer after SDS–PAGE
(mean 6 SD, n 5 3).
Copyright © 1999 by Academic Press. All rightsince PI3K is demonstrated to exist in the cytoplasm
(Leopoldt et al., 1998). Thus, we conclude that the direct
target of Gbg in the starfish oocyte is PI3K.
Activated PI3K produces the phosphatidylinositol 3,4,5-
triphosphate, which binds to the pleckstrin homology do-
main of protein kinase B (PKB), also known as Akt, forcing
its translocation to the plasma membrane. PKB is then
activated by 3-phosphoinositide-dependent protein kinases
(Pullen et al., 1998; Stephens et al., 1998; see Downward,
1998). In the Xenopus oocyte, insulin-induced GVBD is
regulated by the PI3K and the PKB pathway (Andersen et
FIG. 6. Phosphoamino acid analysis of the 62-kDa protein. Im-
mature oocyte supernatants were incubated with Gbg and
[g-32P]ATP. The 62-kDa protein was isolated (Materials and Meth-
ods) and then hydrolyzed with 6 M HCl for 1 h at 110°C.
Phosphoamino acids were separated by two-dimensional thin-layer
electrophoresis at pH 1.9 (left to right) and pH 3.5 (bottom to top).
Circles show standard phosphoamino acids. P-Ser, O-phospho-L-
re oocyte homogenates were incubated with 37 kBq/ml [g-32P]ATP
ates were analyzed by SDS–PAGE and autoradiographed with the
using the FLA-2000 imaging analyzer. Heat-inactivated Gbg (open
orylation. Immature oocyte homogenates were incubated with 37
ogenates were then analyzed by SDS–PAGE and autoradiographed
was measured using the FLA-2000 imaging analyzer.atu
ogen
sured
osphserine; P-Thr, O-phospho-L-threonine; P-Tyr, O-phospho-L-tyro-
sine.
s of reproduction in any form reserved.
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207Gbg-Dependent Phosphorylation in Starfish Oocytesal., 1998). Thus, the 62-kDa protein may be a PKB/Akt-
related molecule.
Although it is much more likely that PI3K activation sets
off a signal cascade that includes the protein kinase, there is
a possibility that the PI3K has a protein kinase activity,
since some PI3K family members have protein kinase
activity (for review see Hunter, 1995). In particular, DNA-
dependent protein kinase, which lacks detectable lipid
kinase activity, is inhibited by wortmannin or LY294002
(Christodoulopoulos et al., 1998; Gu et al., 1998). If this is
the case, the 62-kDa protein may be a direct target of the
PI3K.
Both the phosphorylation of the 62-kDa protein and
GVBD were induced by Gbg in a similar concentration
range. Also, the Gbg-dependent phosphorylation of the
2-kDa protein and the Gbg-dependent GVBD were
locked by PI3K inhibitors in a similar concentration range.
hese results support the hypothesis that the phosphoryla-
ion of the 62-kDa protein is an essential event linking PI3K
o MPF activation.
Interestingly in starfish oocytes, Okumura et al. (1996)
ndicated that cdc25 phosphatase (90-kDa) activates cdc2
inase and that an unknown kinase is involved in the cdc25
hosphatase activation. Also, cdc25 phosphatase is shown
o be activated by polo-like kinase Plx1 (67 kDa) in Xenopus
ggs (Kumagai and Dunphy, 1996). During mitosis, polo-
ike kinase is phosphorylated on serine residue, and its
FIG. 7. PI3K inhibitors blocked Gbg-induced phosphorylation o
ocyte supernatants were incubated for 30 min with wortmanni
butyrolactone I (BL, 100 mM), or DMSO (1%; control) at 20°C. Then
0.59 mM Gbg for 10 min. Radiolabeled proteins were separated by
wortmannin on Gbg-induced phosphorylation of the 62-kDa prot
protein was assayed in the presence of 0.59 mM Gbg and 37 kBq/ml [g
ocyte supernatant at 20°C prior to the addition of Gbg and [g-32P]A
the FLA-2000 imaging analyzer.inase function is activated (Hamanaka et al., 1995). If the
2-kDa protein is polo-like kinase in starfish, the phosphor-
Copyright © 1999 by Academic Press. All rightlation of the protein should be important for activation of
dc25 phosphatase, although there is always a possibility
hat the 62-kDa protein is on a branch leading to activation
f molecules other than cdc2 kinase.
In summary, the Gbg dissociates from the Gai due to
stimulation by 1-MA and interacts with PI3K. The PI3K
participates in the activation of the protein kinase that
phosphorylates the serine residue of the 62-kDa protein or
it directly phosphorylates the 62-kDa protein, which may
result in the activation of the cyclin B/cdc2 kinase.
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